Real -time data storage and processing using optical techniques have been considered in recent years. Of particular interest are photosensitive electro-optic crystals which permit volume storage in the form of phase holograms, by means of a charge transfer process. A survey of the state of the art of such holographic memories is presented. The physical mechanism responsible for the formation of phase holograms in such crystals is discussed. Attention is focused on various aspects of materials characterization, development and utilization. Experimental reversible holographic read-write memory systems with fast random access and high storage capacity employing this new class of photosensiitive materials have already been demonstrated.
Introduction
The increasing use of electronic computers in recent years has considerably increased the demands on computer memories and memory technologies. Current and projected memory requirements define the goals for such a technology: reliable, flexible, random access, read -write memories with high storage densities, fast access times and high data transfer rates, all at an acceptable cost. Several new technologies are emerging to satisfy these memory requirements.i-6 Already the storage capacities of magnetic disc files used in peripheral and mass storage have been considerably increased and are expected to improve further.
Magnetic core memories for mainframe storage are making way for the considerably faster MOS semiconductor technology.
Charge coupled devices, magnetic bubble memories and electron beam accessed memories which offer slightly higher densities with a tradeoff in access time have been demonstrated (Table 1) .
For future computer systems, optical memories appear to be attractive candidates for several important reasons. Optical data storage is capable of providing extremely high packing densities limited only by the wavelength of light. In principle 108 bits/ cm2 for two -dimensional storage is possible, but in practice this is limited to about 10' bits/cm2. Considerably greater storage and processing capacities are possible in the case of volume storage with a theoretical limit of 1012 bits /cm3. The estimated practical limit for such a system is about 1010 bits /cm3.7
Furthermore, optical techniques permit both fast random access time (µs or less) and data transfer rates on the order of G bits/ sec. The upper limits for access time and throughput are determined by the ultimate capabilities attainable by the various system components. Bit error rates and cost per bit have been speculated to be one error in 108 retrieved bytes and 10 -4 cents /bit respectively. In addition, optical memories offer the advantage of immunity from electromagnetic interference.
Work supported in part by the National Aeronautics and Space Administration and the National Science Foundation. This is a revision of a paper presented at the SPIE seminar on Optical Information Processing, August 24, 1976 , San Diego, California. Paper 1376 received July 29, 1976 ; revised October 20, 1976. Optical data storage can be accomplished either by bit -by -bit recording or by holographic recording. High storage densities8 and minimum information losses from localized defects can be achieved only by holographic recording techniques. Holographic optical memories were first proposed about a decade ago. Although research has been going on in this area ever since, holographic memories in photorefractive media have so far not proved economically practical in commercial storage and display systems. One important reason for this has been the cost factor of developing optical memories as compared to existing memory technology. We can identify a similar long period of development for magnetic bubble memory technology which is only within the last year or so reaching economic viability as a result of technical advances on a broad front. Current optical memories and display systems use several relatively complex, high cost optical system components which present a serious drawback from a manufacturer's point of view. A typical holographic recording arrangement ( Experimental arrangement for a holographic read -write memory.
a recording medium and a detector matrix. Considerable research has gone into each of these principal components9 and considerable progress has been made. This has led to the development of several memory and display prototypes but in order to develop the potentials of holographic optical storage on a commercial scale, further progress needs to be made in the areas of low-cost, coherent light sources, fast and effective beam deflectors, high -speed page composers and optical storage mate-Introduction The increasing use of electronic computers in recent years has considerably increased the demands on computer memories and memory technologies. Current and projected memory requirements define the goals for such a technology: reliable, flexible, random access, read-write memories with high storage densities, fast access times and high data transfer rates, all at an acceptable cost. Several new technologies are emerging to satisfy these memory requirements. 1 "6 Already the storage capacities of magnetic disc files used in peripheral and mass storage have been considerably increased and are expected to improve further. Magnetic core memories for mainframe storage are making way for the considerably faster MOS semiconductor technology. Charge coupled devices, magnetic bubble memories and electron beam accessed memories which offer slightly higher densities with a tradeoff in access time have been demonstrated (Table 1) .
For future computer systems, optical memories appear to be attractive candidates for several important reasons. Optical data storage is capable of providing extremely high packing densities limited only by the wavelength of light. In principle 108 bits/ cm2 for two-dimensional storage is possible, but in practice this is limited to about 107 bits/cm 2 . Considerably greater storage and processing capacities are possible in the case of volume storage with a theoretical limit of 10 12 bits/cm 3 . The estimated practical limit for such a system is about 10 10 bits/cm3 . 7 Furthermore, optical techniques permit both fast random access time (/is or less) and data transfer rates on the order of G bits/ sec. The upper limits for access time and throughput are determined by the ultimate capabilities attainable by the various system components. Bit error rates and cost per bit have been speculated to be one error in 108 retrieved bytes and 10~4 cents/bit respectively. In addition, optical memories offer the advantage of immunity from electromagnetic interference.
Work supported in part by the National Aeronautics and Space Administration and the National Science Foundation. This is a revision of a paper presented at the SPIE seminar on Optical Information Processing, August 24,1976 Optical data storage can be accomplished either by bit-by-bit recording or by holographic recording. High storage densities8 and minimum information losses from localized defects can be achieved only by holographic recording techniques. Holographic optical memories were first proposed about a decade ago. Although research has been going on in this area ever since, holographic memories in photorefractive media have so far not proved economically practical in commercial storage and display systems. One important reason for this has been the cost factor of developing optical memories as compared to existing memory technology. We can identify a similar long period of development for magnetic bubble memory technology which is only within the last year or so reaching economic viability as a result of technical advances on a broad front. Current optical memories and display systems use several relatively complex, high cost optical system components which present a serious drawback from a manufacturer's point of view. A typical holographic recording arrangement (Figure 1) Experimental arrangement for a holographic read-write a recording medium and a detector matrix. Considerable research has gone into each of these principal components9 and considerable progress has been made. This has led to the development of several memory and display prototypes but in order to develop the potentials of holographic optical storage on a commercial scale, further progress needs to be made in the areas of low-cost, coherent light sources, fast and effective beam deflectors, high-speed page composers and optical storage mate- rials. Until recently the lack of a convenient storage medium has been a particular hindrance to the practical implementation of holographic read -write memory systems. Although there exist various optical recording materials1o,11 there are none that exhibit all the desired optical and physical characteristics.
The requirements of an ideal optical recording medium include:
a. The medium must be a photosensitive material that is physically and chemically stable over long periods of time under normal storage conditions; to enable real -time storage and read -out, the medium should not require complex processing,and it should not impose constraints on the required operating environment, ideally operating in air at normal temperature and pressure; the medium must be easy to fabricate in thick, large area, defect -free sheets with reproducible characteristics, possess a linear exposure dependence, fast response and a large dynamic range.
b. Recording of information in the medium should require very small energy densities, i.e., high recording photosensitivity, comparable to the sensitivity of photographic emulsions; in order to realize the full potential of volume holographic recording and readout with high signal -tonoise ratio the medium should be grainless (i.e., low intrinsic noise) and should allow superposition in the same volume of the material of holograms recorded at different angles and different wavelengths without unwanted erasure; the effect utilized for storing information in the medium should have a long relaxation time so that stored holograms have a long lifetime.
c. The medium should be reversible so that it can undergo a large number (greater than 109) of write -read -erase cycles without fatigue (i.e., without degradation of the medium) and with short 1 ms) write -erase cycle time with low energy requirements for erasure. spatial frequencies on the order of 104 lines /mm with the recording sensitivity being independent of spatial frequency. Several different media and various mechanisms are being investigated for volume holographic storage. In particular certain photosensitive electro -optic crystals appear to be very promising. These crystals exhibit optically induced changes of the refractive index which is known as the photorefractive effect. This paper describes the state of the art of photorefractive materials in holographic data storage, display and processing applications.
The Photorefractive Effect The photorefractive effect was initially discovered in the nonlinear applications of crystals such as LiNb03 and LiTa03 where it gave rise to undesirable light-scattering and decollimation and hence was referred to as the laser-induced index damage effect.12 The photo-refractive effect depends upon the optical excitation and subsequent transport and retrapping of electrons which originate from localized centers in such crystals (Figure 2) . The optical excitation may be due either to a single photon effect or to a nonlinear multiphoton absorption, depending on the nature of the coherent source used. Photoexcited space charge patterns, resembling the intensity profile of the generating holographic intensity pattern in turn set up electric fields that distort the index of refraction of the crystal via the electro -optic effect. Thus the refractive index modulation which gives a volume phase hologram may be used as a mechanism for information storage. Localized centers which provide the free electrons upon excitation are impurity ions present in significant concentrations even in undoped crystals and substantial improvements in sensitivity have been made by doping electro-optic crystals with transition metal ions. rials. Until recently the lack of a convenient storage medium has been a particular hindrance to the practical implementation of holographic read-write memory systems. Although there exist various optical recording materials10 '11 there are none that exhibit all the desired optical and physical characteristics.
a. The medium must be a photosensitive material that is physically and chemically stable over long periods of time under normal storage conditions; to enable real-time storage and read-out, the medium should not require complex processing,and it should not impose constraints on the required operating environment, ideally operating in air at normal temperature and pressure; the medium must be easy to fabricate in thick, large area, defect-free sheets with reproducible characteristics, possess a linear exposure dependence, fast response and a large dynamic range.
b. Recording of information in the medium should require very small energy densities, i.e., high recording photosensitivity, comparable to the sensitivity of photographic emulsions; in order to realize the full potential of volume holographic recording and readout with high signal-tonoise ratio the medium should be grainless (i.e., low intrinsic noise) and should allow superposition in the same volume of the material of holograms recorded at different angles and different wavelengths without unwanted erasure; the effect utilized for storing information in the medium should have a long relaxation time so that stored holograms have a long lifetime. c. The medium should be reversible so that it can undergo a large number (greater than 109 ) of write-read-erase cycles without fatigue (i.e., without degradation of the medium) and with short (^ 1 ms) write-erase cycle time with low energy requirements for erasure.
d. The readout should be nondestructive with high diffraction efficiency; the medium should allow resolution of spatial frequencies on the order of 104 lines/mm with the recording sensitivity being independent of spatial frequency. Several different media and various mechanisms are being investigated for volume holographic storage. In particular certain photosensitive electro-optic crystals appear to be very promising. These crystals exhibit optically induced changes of the refractive index which is known as the photorefractive effect. This paper describes the state of the art of photorefractive materials in holographic data storage, display and processing applications.
The Photorefractive Effect
The photorefractive effect was initially discovered in the nonlinear applications of crystals such as LiNb03 and LiTa03 where it gave rise to undesirable light-scattering and decollimation and hence was referred to as the laser-induced index damage effect. 12 The photo-refractive effect depends upon the optical excitation and subsequent transport and retrapping of electrons which originate from localized centers in such crystals (Figure 2) . The optical excitation may be due either to a single photon effect or to a nonlinear multiphoton absorption, depending on the nature of the coherent source used. Photoexcited space charge patterns, resembling the intensity profile of the generating holographic intensity pattern in turn set up electric fields that distort the index of refraction of the crystal via the electro-optic effect. Thus the refractive index modulation which gives a volume phase hologram may be used as a mechanism for information storage. Localized centers which provide the free electrons upon excitation are impurity ions present in significant concentrations even in undoped crystals and substantial improvements in sensitivity have been made by doping electro-optic crystals with transition metal ions.
Phase holograms recorded in electro-optic crystals by means of the photorefractive effect may be experimentally investigated primarily in terms of the holographic diffraction efficiency, n. Diffraction efficiency is the fraction of the read beam that is diffracted into the reconstructed image beam. Therefore, a theory for photorefractive volume phase hologram formation must explain the experimentally observed characteristics of the diffraction efficiency of such a hologram. In general, any hologram may be regarded, to a certain extent, to be composed of conceptually simpler sinusoidal grating holograms. Analysis of the diffraction efficiency of a photorefractive hologram has therefore been commonly confined to sinusoidal grating produced by the interference of two plane waves assumed to be infinite in extent. The interference pattern generated by a plane reference and signal wave of wavelength À and intensity Io intersecting at an angle 20 ( Figure 3 ) is given by
where K = 27r /A is the grating vector, A = X /2sinû is the wavelength of the grating, and m is the depth of intensity modulation. Typical fringe spacings are of the order of 1 to 10 µm. We The continuity equation for free electron concentration n that accounts for photoexcitation, electron transport and trapping with a trapping time T is given by an at -g(x) -T + el ax (3) The mechanisms for electron transport in photorefractive materials are not yet fully understood. Early theories described the transport of charge carriers in terms of diffusion or drift, in a constant internal electric field.13,14 More recently, Glass et ails have suggested a new approach, namely that the charge carriers are photogenerated and displaced in a spatially preferred direction. However, for the purposes of analyses of the formation of photoexcited space charge fields, all the different postulated mechanisms other than diffusion may be accounted for by assuming drift in a total equivalent field E. Then the current density J is given by
where µ is the mobility of electrons and D the diffusion coefficient.
A description for the formation of phase holograms may be obtained if one can obtain a time dependent solution for the space charge field 8(x), by solving equations (3) and (4) and the continuity equation aJ ax =-p (6) We have recently developed a nonlinear dynamic theory for the space charge field18 that considers the effect of the photogenerated space charge field on the transport of electrons. The temporal behavior of the space charge field has been obtained explicitly by using the coupled mode approach to analyze the feedback mechanism existing between the photogenerated field and the free electron density. Our solution for the space charge field reads as follows: Expressions for jrc(t) and gs(t) which have been derived in detail in Ref. 18 , determine the evolution in time of the amplitude and phase of the space charge field ( Figure 4 ). As mentioned previously, this space charge field produces a spatial refractive index modulation On, through the electro-optic effect. Diffraction efficiency is the fraction of the read beam that is diffracted into the reconstructed image beam. Therefore, a theory for photorefractive volume phase hologram formation must explain the experimentally observed characteristics of the diffraction efficiency of such a hologram. In general, any hologram may be regarded, to a certain extent, to be composed of conceptually simpler sinusoidal grating holograms. Analysis of the diffraction efficiency of a photorefractive hologram has therefore been commonly confined to sinusoidal grating produced by the interference of two plane waves assumed to be infinite in extent. The interference pattern generated by a plane reference and signal wave of wavelength A and intensity Io intersecting at an angle 26 ( Figure 3 ) is given by mcosKx) (1) where K = 27T/A is the grating vector, A = A/2sin0 is the wavelength of the grating, and m is the depth of intensity modulation. Typical fringe spacings are of the order of 1 to 10 Mm. We photo-electron generation rate may be written as I0aN g(x) = g( 1 + m cos Kx), where g = *
The continuity equation for free electron concentration n that accounts for photoexcitation, electron transport and trapping with a trapping time T is given by dn ax
The mechanisms for electron transport in photorefractive materials are not yet fully understood. Early theories described the transport of charge carriers in terms of diffusion or drift, in a constant internal electric field. 13 ' 14 More recently, Glass et al ls have suggested a new approach, namely that the charge carriers are photogenerated and displaced in a spatially preferred direction. However, for the purposes of analyses of the formation of photoexcited space charge fields, all the different postulated mechanisms other than diffusion may be accounted for by assuming drift in a total equivalent field E. Then the current density J is given by
where M is the mobility of electrons and D the diffusion coefficient.
A description for the formation of phase holograms may be obtained if one can obtain a time dependent solution for the space charge field &(x), by solving equations (3) and (4) together with Gauss's Law 16 ' 17 (5) and the continuity equation assume that this interference pattern is incident on a photosensitive crystal containing a uniform distribution of localized centers that can donate electrons to the conduction band by photoexcitation at this wavelength. If N is the donor concentration in the crystal, a the optical absorption cross-section of the electrons and hco the energy of the incident photon, then the (6) We have recently developed a nonlinear dynamic theory for the space charge field 18 that considers the effect of the photogenerated space charge field on the transport of electrons. The temporal behavior of the space charge field has been obtained explicitly by using the coupled mode approach to analyze the feedback mechanism existing between the photogenerated field and the free electron density. Our solution for the space charge field reads as follows:
Expressions for J£(t) and ^s(t) which have been derived in detail in Ref. 18 , determine the evolution in time of the amplitude and phase of the space charge field ( Figure 4 ). As mentioned previously, this space charge field produces a spatial refractive index modulation An, through the electro-optic effect.
On(x,z,t) = 2 near 8.(x,z,t) DAE M. KIM, T. A. RABSON, RAJIV R. SHAH, F. K. TITTEL (8) where ne is the extraordinary index of refraction and r is the electro-optic coefficient. In this manner a phase grating is created which is directly related to the original light distribution incident on the crystal. An(x,z,t) = -ne3 r£(x,z,t) (8) where ne is the extraordinary index of refraction and r is the electro-optic coefficient. In this manner a phase grating is created which is directly related to the original light distribution incident on the crystal. Uchida20 has extended this theory to apply to attenuated gratings. More recently we have obtained a time and space dependent solution for the diffraction efficiency that is in good agreement with the experimentally observed behavior of the diffraction efficiency of photorefractive holograms ( Figure 5) . Furthermore, this analysis can also provide a noval technique for determining the nature and magnitude of the total equivalent electron drift field E.~' 21
Materials Development and Characterization
Important material parameters that influence the photorefractive effect include (a) a large linear electro-optic coefficient, (b) suitable absorption characteristics, (c) an optimal concentration of traps, and (d) a suitable carrier transport mechanism. Although this effect has been observed in several pyroelectric crystals such as LiNb03 , LiTa03 , BaTi03 , SEN, KTN and PLZT, their relatively low recording and erasure sensitivities compared to other optical recording media has been a considerable practical drawback. At this time, the most promising of these crystals is LiNb0 3 , whose photorefractive sensitivity can be increased several orders of magnitude by optimizing the charge generation and transport mechanism. The photorefractive sensitivity is defined as the amount of incident light energy density required to produce a phase hologram with a given diffraction efficiency or with a given refractive index modulation. Recently, Micheron et al22 have reported very high hologram recording sensitivities comparable to the photographic plate photosensitivities in Bii2 Si02o and Bi 12 Ge020j but so far with relative short storage lifetimes (~24 hours).
The effectiveness of the three processes, electron photogeneration, transport and trapping, responsible for the photorefractive effect in pyroelectric crystals is determined by the nature and concentrations of the impurity ions present in the crystals. An ion in one charge state may act as an electron donor while the same ion in a different charge state may act as an acceptor. Thus their concentrations affect the rates of electron generation and trapping. Furthermore, their concentrations may determine the efficiency of the electron transport mechanisms. Photorefractive sensitivity is therefore strongly influenced by the nature and concentration of impurities present in the crystal whether intentionaly or inadvertently.
Several transition metal elements such as Fe, Co, Ni, Cu, Mn, Cr, Rh and U have been used for doping LiNb03 and other photosensitive crystals in an attempt to enhance the photorefractive sensitivity. One of the best materials so far in terms of the photorefractive sensitivity is Fe:LiNb03 . In Fe:LiNb03, Fe2+ ions are believed to be responsible for generation of electrons while Fe3+ ions appear to be electron acceptors. The photorefractive sensitivity of Fe:LiNb03 therefore depends on the relative concentration of the Fe2+ and Fe3"1" ions. Hence, it is desirable to optimize the relative concentrations of Fe2+ and Fe3"*" ions in Fe:LiNb03 crystals by controlling the oxidationreduction state of such crystals.
The physical and chemical properties of doped pyroelectric crystals important in holographic applications have been studied and characterized by several different spectroscopic techniques. 23 Spectral measurements include x-ray emission spectra, IR absorption spectra, optical absorption and EPR measurements. Optical absorption spectra were recorded for Fe:LiNb03 crystals ( Figure 6 ). The intensity of the 424. 5 point begins to decrease with further increase in Fee+ concentration ( Figure 7) . Furthermore, the decrease in photorefractive sensitivity upon oxygen annealing follows a pattern very similar to that of the decrease in Fee+ concentration (Figure 8) These experiments open the possibility of using tunable, high peak power, CW or pulsed, mode -locked lasers for enhancing the (Figure 6 ). The intensity of the 424.5 nm band has been ascribed to changes in Fe2"1" concentrations which in turn have been identified by both EPR spectrometry and magnetic susceptibility measurements. Recently, a direct confirmation of the existence of a Fe2"1" state in LiNb03 has been made by investigating the Mossbauer spectra of Fer From the optical and EPR data we can not determine the absolute concentrations of Fe2* and Fe3"1" ions for crystals with the same dopant concentrations but with different heat treatments. We find that the photorefractive sensitivity increases almost linearly with the Fe2+ concentration but after a certain point begins to decrease with further increase in Fe2+ concentration ( Figure 7) . Furthermore, the decrease in photorefractive sensitivity upon oxygen annealing follows a pattern very similar to that of the decrease in Fe2+ concentration (Figure 8) 
Techniques
In order to realize the full potential of photorefractive materials for volume recording and to demonstrate the feasibility of holographic optical memories several techniques have been investigated.
Recording with High Intensity Pulses
For CW recording the photorefractive sensitivity is based on a single photon effect. Von der Linde et at6 have obtained greatly increased photorefractive sensitivity by utilizing multiphoton absorption in both doped and undoped LiNb03 . Recording holograms with 500 MW/cm2 pulses from a mode-locked and doubled Nd: glass laser, they observed a photorefractive frequency sensitivity 130 times higher than the CW photorefractive sensitivity of LiNb0 3 :Cu2+ at approximately the same wavelength (0.53/1) and writing energy density. The increased photorefractive sensitivity was attributed to two-photon absorption. Similar experiments with KTN6 yielded even higher sensitivities. However, the optical quality of presently available KTN is as yet not very good. Substantial reduction in the pulse intensities required for the photorefractive recording were also observed using two-step excitation via a real intermediate state in These experiments open the possibility of using tunable, high peak power, CW or pulsed, mode-locked lasers for enhancing the photorefractive sensitivities of suitably doped pyroelectric crystals via multiphoton processes.
Avoiding Unwanted Erasures One of the basic requirements for a read -write memory or optical processing is that the storage medium should allow easy and fast erasure. This is possible in the case of a photorefractive material. Photorefractive recording relies upon optical excitation and redistribution of electrons into a pattern closely resembling the incident intensity interference pattern due to the recording beams. Therefore, illuminating such a charge pattern with a uniform optical beam results in a uniform redistribution of charge, which results in erasure of the stored information. The time required for erasure can be made small by choosing crystals with high photoconductivity. Distortionless reconstruction of a hologram containing many spatial frequencies requires that the same wavelengths be used for reconstruction as used for recording. Since the reconstruction of readout process is similar to the erasure process the readout of a photorefractive hologram can result in its unwanted erasure. Therefore, a technique is needed to avoid unwanted erasure of a hologram when reading a hologram or when reading or recording one or many superimposed holograms.
Several different techniques have been considered to avoid unwanted erasure of photorefractive holograms:
Low Erasure Sensitivity. By controlling the concentration of the impurity ion and its valence states, crystals have been prepared that exhibit high storage sensitivity but low sensitivity for erasure Fixing. Fixing a hologram implies replacing the electronic charge pattern by a more stable ionic charge pattern. This may be accomplished either thermally or electrically. In thermal fixing26 the crystal in which a hologram is stored is heated to a temperature at which the ions in the lattice become relatively mobile while the trapped electronic charges remain thermally stable (between 100 and 200 C). The ions are transported due to drift in the space charge fields until the trapped electronic charge is neutralized. Upon cooling the crystal the electronic charge is redistributed by incoherent illumination leaving behind a permanent ionic pattern. In electrical fixing techniques27 local changes of spontaneous polarization in ferroelectric crystals are caused by the electronic space charge fields of a hologram in the presence of externally applied fields smaller than the ferro -electric coercive field. The resulting drift of ions cancels the internal space charge fields. Upon uniform illumination with no applied field, the electrons are redistributed and an ionic pattern remains behind. Fixed holograms may be used for optical display or for read -only memories.
Multiphoton Excitation. The above mentioned multiphoton photorefractive recording techniques for improving optical recording sensitivities are useful in eliminating unwanted erasure.6'28 This may be explained as follows. Suppose ho) is the energy required to excite an electron from the trap to the conduction band via a single photon effect. Then at sufficiently high light intensities the same transition can be caused to occur via a real or virtual intermediate level by using two frequencies w1, W2 such that w = w1 + w2. If now two beams of frequencies col are made to interfere in the medium in the pre- by angular superposition. They simultaneously recorded and fixed the holograms by maintaining the crystal at 160 C and rotating the 1 cm thick sample by 0.1° after each recording. They observed good readout quality of the holograms with diffraction efficiencies ranging from 2% to 25% from the last to the first hologram recorded. Such an experiment demonstrates the high density information storage capability of photorefractive materials.
Selective Hologram Erasure
Bulk optical or thermal erasure of superposed holograms will indiscriminately erase all the different stacked holograms. A technique is therefore needed that will selectively erase one or portions of many superimposed holograms. Huignard et a131 have demonstrated selective erasure using a coherent optical erasure technique. The principle underlying this technique is as follows: Let H be one of many superposed holograms. If H is to be erased, one records on H at the same wavelength and angle as used for H, a complementary hologram of H. This is done by recording H with a phase difference 7r introduced in the reference beam. If part P of the hologram H is to be erased then recording P on H with a phase difference of 7r introduced in the reference wave will erase P.
Device Characteristics
The ultimate aim in understanding the physical processes, improving the material characteristics and devising new techniques for photorefractive holography is to develop a memory device with optimum characteristics for a specific optical information processing application. Considerable progress has been made in realizing practical devices with presently available technology. photorefractive sensitivities of suitably doped pyroelectric crystals via multiphoton processes.
Diffraction Efficiency

Avoiding Unwanted Erasures
One of the basic requirements for a read-write memory or optical processing is that the storage medium should allow easy and fast erasure. This is possible in the case of a photorefractive material. Photorefractive recording relies upon optical excitation and redistribution of electrons into a pattern closely resembling the incident intensity interference pattern due to the recording beams. Therefore, illuminating such a charge pattern with a uniform optical beam results in a uniform redistribution of charge, which results in erasure of the stored information. The time required for erasure can be made small by choosing crystals with high photoconductivity. Distortionless reconstruction of a hologram containing many spatial frequencies requires that the same wavelengths be used for reconstruction as used for recording. Since the reconstruction of readout process is similar to the erasure process the readout of a photorefractive hologram can result in its unwanted erasure. Therefore, a technique is needed to avoid unwanted erasure of a hologram when reading a hologram or when reading or recording one or many superimposed holograms.
Low Erasure Sensitivity. By controlling the concentration of the impurity ion and its valence states, crystals have been prepared that exhibit high storage sensitivity but low sensitivity for erasure.25
Fixing. Fixing a hologram implies replacing the electronic charge pattern by a more stable ionic charge pattern. This may be accomplished either thermally or electrically. In thermal fixing26 the crystal in which a hologram is stored is heated to a temperature at which the ions in the lattice become relatively mobile while the trapped electronic charges remain thermally stable (between 100 and 200 C). The ions are transported due to drift in the space charge fields until the trapped electronic charge is neutralized. Upon cooling the crystal the electronic charge is redistributed by incoherent illumination leaving behind a permanent ionic pattern. In electrical fixing techniques27 local changes of spontaneous polarization in ferroelectric crystals are caused by the electronic space charge fields of a hologram in the presence of externally applied fields smaller than the ferro-electric coercive field. The resulting drift of ions cancels the internal space charge fields. Upon uniform illumination with no applied field, the electrons are redistributed and an ionic pattern remains behind. Fixed holograms may be used for optical display or for read-only memories.
Multiphoton Excitation. The above mentioned multiphoton photorefractive recording techniques for improving optical recording sensitivities are useful in eliminating unwanted erasure.6 '28 This may be explained as follows. Suppose hco is the energy required to excite an electron from the trap to the conduction band via a single photon effect. Then at sufficiently high light intensities the same transition can be caused to occur via a real or virtual intermediate level by using two frequencies cjj, o>2 such that co = coi + co2 . If now two beams of frequencies cjj are made to interfere in the medium in the presence of a third beam with frequency co2 a hologram will be generated in the medium. The spatial frequency of the hologram is determined by co 1 yet light at frequency co2 is essential for the formation of the hologram. If the hologram is read at coj there is no erasure of the hologram since there is no photoexcitation of the electrons to the conduction band, whereas the hologram can still be erased by simultaneous exposure to light at frequencies co i and co2 .
Multiple Hologram Storage. A particular attractive feature of photorefractive crystals is that they lend themselves to volume recording. Holograms may be recorded throughout the thickness of the medium. The Bragg condition for thick holograms allows such holograms to be accessed only within a certain angular and frequency bandwidth around the angle and frequency of light used for recording them. This angular and wavelength selectivity of volume holograms can be used for superposing in a given volume of the medium holograms recorded at different angles and wavelengths.29 Recently Staebler et al30 have reported the superposition of 512 holograms in Fe:LiNb03 by angular superposition. They simultaneously recorded and fixed the holograms by maintaining the crystal at 160 C and rotating the 1 cm thick sample by 0.1° after each recording. They observed good readout quality of the holograms with diffraction efficiencies ranging from 2% to 25% from the last to the first hologram recorded. Such an experiment demonstrates the high density information storage capability of photorefractive materials.
Selective Hologram Erasure
Bulk optical or thermal erasure of superposed holograms will indiscriminately erase all the different stacked holograms. A technique is therefore needed that will selectively erase one or portions of many superimposed holograms. Huignard et al3i have demonstrated selective erasure using a coherent optical erasure technique. The principle underlying this technique is as follows: Let H be one of many superposed holograms. If H is to be erased, one records on H at the same wavelength and angle as used for H, a complementary hologram of H. This is done by recording H with a phase difference rr introduced in the reference beam. If part P of the hologram H is to be erased then recording P on H with a phase difference of n introduced in the reference wave will erase P.
Device Characteristics
The ultimate aim in understanding the physical processes, improving the material characteristics and devising new techniques for photorefractive holography is to develop a memory device with optimum characteristics for a specific optical information processing application. Considerable progress has been made in realizing practical devices with presently available technology.
Diffraction Efficiency
For plane wave recording diffraction efficiencies very close to 100% have been observed in some LiNbOa :Fe crystals and values of diffraction efficiency above 50% are not uncommon.
Recording Sensitivity
Sensitivity for photorefractive recording may be defined as s = where, F = and AE is the incident energy density required to produce a refractive index modulation with amplitude An. The magnitude of S depends on the total electric field acting on the charge carriers or the effective drift length L = r ju[E +&(x)] .The best value for CW photorefractive sensitivity is approximately 6 x 10~~4 (cm 2/J). The values of sensitivity for recording with short pulses in LiNb03:Cu is approximately 2 x 10~"4 (cm2/J) whereas for KTN, it is approximately 3 orders of magnitude better.6 DE /I' is the average energy density inside the crystal, a, L being the attenuation coefficient and crystal thickness, The ultimate storage capacity of a photorefractive crystal will be limited by the SNR required to read out the image. Recently Burke et al 43 have investigated the noise sources intrinsic to volume holography in LiNb03 :Fe. They conclude that statistical noise due to granularity in the electronic space charge, scatter noise due to medium imperfections and noise due to intermodulation distortion are not significant. Cross -talk noise between superposed holograms can be reduced considerably at angular spacings of 0.1 °, allowing superposition of a large number of holograms.
Conclusions
Holographic optical memories offer definite advantages for information processing on account of their high storage density and fast access time capabilities. Photorefractive materials are attractive candidates for the storage medium in read, write, random -access holographic memories and displays. Among the desirable properties of photorefractive materials are the following: (1) real -time write, read and erasure capability, (2) high storage density due to volume recording and superposition of holograms, (3) high diffraction efficiency phase holograms, (4) high resolution and low noise readout, (5) better. 6 AE/F is the average energy density inside the crystal, a, L being the attenuation coefficient and crystal thickness, respectively.
Erasure Sensitivity
Erasure sensitivity may be defined as the reciprocal of the light energy density required to erase the hologram to 1/e of its initial diffraction efficiency. Erasure sensitivities up to 100 (cm2/J) have been reported in Fe:LiNb03 25 with erasure times up to several seconds.
Resolution
For a 1 cm thick crystal of LiNb03 a spatial resolution exceeding 1600 lines/mm has been observed.32 SEN, BaTi03 and PLZT have also been used to reproduce holograms with resolution greater than 1000 lines/mm.
Storage Lifetime
The thermal relaxation time of holographic fields in ferroelectric materials such as LiNb03 is determined by the conductivity and the dielectric constant of the material. At room temperature and in the absence of light the conductivity is very low and lifetimes of several weeks to months have been found in practice. At lower temperatures (close to 0 C) the thermal relaxation time can be increased to several years. 14
Storage Density
As mentioned earlier the experiment alley realizable range of storage density for volume storage is between 108 and 10 10 bits/cm3 . With 104 bits per page, 10 holographic pages have been superposed in a 1 cm thick LiNbO^:Fe crystal, to yield a bit density on the order of 10s bits/cm . In another experiment over 500 holograms have been written in Fe:LiNb03 by angular superposition.
30
Signal-to-Noise Ratio (SNR)
The ultimate storage capacity of a photorefractive crystal will be limited by the SNR required to read out the image. Recently Burke et al have investigated the noise sources intrinsic to volume holography in LiNb0 3 :Fe. They conclude that statistical noise due to granularity in the electronic space charge, scatter noise due to medium imperfections and noise due to intermodulation distortion are not significant. Cross-talk noise between superposed holograms can be reduced considerably at angular spacings of 0.1 , allowing superposition of a large number of holograms.
Conclusions
Holographic optical memories offer definite advantages for information processing on account of their high storage density and fast access time capabilities. Photorefractive materials are attractive candidates for the storage medium in read, write, random-access holographic memories and displays. Among the desirable properties of photorefractive materials are the following: (1) real-time write, read and erasure capability, (2) high storage density due to volume recording and superposition of holograms, (3) high diffraction efficiency phase holograms, (4) high resolution and low noise readout, (5) long lifetime of information storage and (6) in situ thermal, optical or electrical erasure.
The feasibility of holographic read-write memories with a photorefractive material as a storage medium has been experimentally demonstrated by several groups.7'30 For example, Ref. 7 describes a system in which an array of 5 x 5 LiNb03 :Fe crystals is used as an optical memory. Transparent electrodes are provided to allow local thermal erasure of each crystal. Erasure times are of the order of several tens of seconds. High density of storage is achieved by superposition of holographic pages by angular rotation of the reference beam. Ten holographic pages, each containing 104 bits were stored in each location of the memory plane. A page in a block of superimposed holograms was accessed by rotating the reference beam with an acoustooptic beam deflector that allowed an access time of roughly 3// sec. With further improvements in the performance of beam deflectors, page composers and the photorefractive storage crystal, much higher densities and faster access times should be feasible. In particular, research is needed in (1) understanding the charge transport mechanisms and in identifying electron acceptors and donors in photorefractive materials, (2) improving recording and erasure sensitivities, (3) reducing record-erasure cycle time, (4) avoiding unwanted erasure of a hologram during readout or storage of a superposed hologram, (5) allowing superposition of a higher number of holograms with low noise and high spatial resolution, and (6) assuring long information storage lifetimes.
